The model organism Dictyostelium discoideum has greatly facilitated our understanding of the signal transduction and cytoskeletal pathways that govern cell motility. Cell-substrate adhesion is downstream of many migratory and chemotaxis signaling events. Dictyostelium cells lacking the tumor suppressor PTEN show strongly impaired migratory activity and adhere strongly to their substrates. We reasoned that other regulators of migration could be obtained through a screen for overly adhesive mutants. A screen of restriction enzyme-mediated integration mutagenized cells yielded numerous mutants with the desired phenotypes, and the insertion sites in 18 of the strains were mapped. These regulators of adhesion and motility mutants have increased adhesion and decreased motility. Characterization of seven strains demonstrated decreased directed migration, flatness, increased filamentous actin-based protrusions, and increased signal transduction network activity. Many of the genes share homology to human genes and demonstrate the diverse array of cellular networks that function in adhesion and migration.
The model organism Dictyostelium discoideum has greatly facilitated our understanding of the signal transduction and cytoskeletal pathways that govern cell motility. Cell-substrate adhesion is downstream of many migratory and chemotaxis signaling events. Dictyostelium cells lacking the tumor suppressor PTEN show strongly impaired migratory activity and adhere strongly to their substrates. We reasoned that other regulators of migration could be obtained through a screen for overly adhesive mutants. A screen of restriction enzyme-mediated integration mutagenized cells yielded numerous mutants with the desired phenotypes, and the insertion sites in 18 of the strains were mapped. These regulators of adhesion and motility mutants have increased adhesion and decreased motility. Characterization of seven strains demonstrated decreased directed migration, flatness, increased filamentous actin-based protrusions, and increased signal transduction network activity. Many of the genes share homology to human genes and demonstrate the diverse array of cellular networks that function in adhesion and migration.
cell adhesion | cell migration | chemotaxis | Dictyostelium | PTEN M uch of what we know about amoeboid migration, an integral mode of cellular locomotion seen in metazoans, including cells of the immune system and metastasizing cancer cells, derives from studies of Dictyostelium discoideum. As a haploid eukaryotic cell with strong homology to metazoans, this model organism has been an essential tool for genetic analysis of these conserved cellular behaviors. During amoeboid migration, cells extend projections that, with the addition of changes in specific and nonspecific adhesions to the substratum, lead to a progressive movement of the cell (1) (2) (3) . These projections are controlled by nucleators of filamentous-actin (F-actin) like Arp 2/3 and actin-binding proteins, such as myosin II, that establish the internal forces needed to mobilize regions of the cell membrane leading to propulsions like pseudopods and ultimately amoeboid migration (4) (5) (6) (7) . In randomly migrating cells, this protrusive and contractile behavior of the cytoskeletal network is controlled by spontaneous activation of signal transduction networks (8) . In chemical gradients, chemotaxis occurs when a cell's extracellular receptors bind specific molecules influencing intracellular signal transduction and thus alter the dynamics of the cytoskeleton in a directed fashion (9, 10) . Genetic analyses have revealed numerous genes that control cell migration (11) (12) (13) . Although many of the screens in multicellular development and wound healing have provided insights into more complex migrations in tissues, combinatorial genetics and single cell observations have the potential of defining the genes involved in the basic mechanisms of individual cellular migration. Specifically, in Dictyostelium there have been nearly a hundred genes implicated in cell migration from both forward and reverse genetic methodologies (9, 14) . These genes comprise the classical cytoskeletal components as one would expect in addition to many signal transduction components. One of the critical discoveries made in Dictyostelium was the role that the phosphoinositide pathway plays in the regulation of cell migration (15) (16) (17) . The local accumulation of phosphatidylinositol (3, 4, 5) -triphosphate (PIP3) at the plasma membrane and the creation of activated membrane patches must be tightly regulated as it allows for the binding and activation of numerous intracellular signaling proteins (18) . Deletion of phosphatase and tensin homolog (PTEN) that negativity regulates the levels of PIP3 markedly increases the activity of the cytoskeleton. This leads to strong defects in both random and directed migration associated with the resulting elevated levels of PIP3 (19) .
Capitalizing on the conserved mechanisms of migration, the accessible genetics, and the phenotype of ptencells, we used Dictyostelium to seek new regulators of migration (19, 20) . Cells lacking PTEN provided an excellent control to facilitate the development of such a screen as the increased level of PIP3 on the plasma membrane and cytoskeletal activity leads to simultaneous multidirectional projections and a concomitant increased cell-substrate adhesion. Moreover, Dictyostelium ptencells do not display the increased proliferation rates seen in mammalian cells lacking this gene, which would complicate the screen. It appears that Dictyostelium cells do not possess PIP3-dependent cell cycle checkpoints as in animal cells (19, 21, 22) . We reasoned that other negative regulators in signaling or cytoskeletal pathways would lead to a similar phenotype as seen in ptencells consisting of increased protrusive activity, cell spreading, contact area, and substrate adhesion. Therefore, using ptencells we designed a forward genetic screen in populations of cells carrying random insertions controlling cell migration and substrate adhesion (23) . Screening more directly for such defects may reveal different sets of genes than
Significance
We report a forward genetic screen to identify genes involved in cell adhesion and motility. Cells with mutations in these genes have increased adhesion, flattened morphology, and decreased motility. The mutants display increased cytoskeletal and signal transduction network activity suggesting that these genes are negative regulators. The GFP-tagged localization of these proteins shows the remarkable diversity in the regulation of these cell behaviors. Several of the identified proteins have strong homologs throughout metazoans and have relevance to human disease. Because many of the resulting mutant phenotypes are similar to those of cells lacking PTEN or expressing active Ras GTPases, these gene families are promising cancer targets in humans. Better understanding of these pathways holds the possibility for therapeutic intervention.
those found in previous screens which have identified genes involved in the acquisition of chemotactic competence.
Results
Novel Regulators of Adhesion and Migration. Reasoning that novel genes regulating cell motility could be identified by monitoring adhesion, our screen used a shear flow assay to select for more adhesive mutants. To establish the screening procedure, we used the ptencell line as a positive control. As shown in SI Appendix, Fig.  S1A , ptencells are phase dark, suggesting they are flattened compared with wild-type cells (19, 24, 25) . We subjected monolayers of wild-type or ptencells to a shear flow such that less than 20% of wild-type and 80% of the ptencells remained adhered to the substrate (SI Appendix, Fig. S1B ). To reconstruct the planned screen, we mixed ptencells with an abundance of wild-type cells. The cells were subjected to cycles of shear flow selection followed by growth intervals. Phase-contrast microscopy shows that an increasing fraction of the cells in the mixed population became phase dark ptencells over time (SI Appendix, Fig. S1C ). There was little change in nonmutagenized populations of wild-type, or pten-, cells exposed to the same protocol (SI Appendix, Fig. S1D ). The procedure was then tested on restriction enzyme-mediated integration (REMI) mutagenized populations to assess whether cells with modified adhesion are present. After 13 cycles of selection, the mutagenized REMI population showed a significant drift toward the phenotypes typically associated with ptencells including increased adhesion, decreased random migration, and an increase in the number of small clonal plaques formed on a bacterial lawn (SI Appendix, Fig. S2 ). Clonal isolates from the now abundant overly adhesive cells line present in these populations were selected. We performed the adhesion selection screen several times on REMI mutagenized populations and are reporting on the first 18 regulators of adhesion and motility (RAM) mutants. The sites of insertion of the integrating plasmid in these mutants are included in SI Appendix, Table S1 .
As shown in Fig. 1 , most of the RAM mutants have a phasedark, spread morphology like ptencells and display decreased random motility (Movies S1-S7). Table 1 shows that the increases in adhesion and decreases in migration for RAM cells relative to wild type are generally correlated. There are a few exceptions such as RAM6, which have reduced motility but not strongly increased adhesion and appear more like wild-type cells in phase microscopy ( Fig. 1A ) (Table 1) , and RAM9, which is strongly adhesive but does not display a significant decrease in average random migration compared with wild-type cells. This was because a fraction of the RAM9 cells display a novel keratocyte-like behavior with extensive surface contact and a high, persistent, and gliding motility which skews the population's average speed (SI Appendix, Fig. S3 ) (26, 27) . The remaining cells in the population have a slower motility than wild-type cells.
The RAM mutants also displayed altered chemotactic motility and progression through the developmental process. To assess whether RAM mutants differentiated appropriately we tracked the expression of the chemoattractant receptor, cAR1 (SI Appendix, Fig. S4A ) (20) . The RAM3 and RAM12 mutant strains show little to no expression of cAR1, the sepAstrain shows a prolonged expression of cAR1 during the developmental process, whereas ptenand RAM1, RAM4, RAM8, and RAM13 showed similar patterns of cAR1 expression as wild-type cells (SI Appendix, Fig. S4A ). All of the RAM cells showed a defect in chemotaxis demonstrated by migration tracks toward a micropipette releasing cAMP, but RAM8 showed the smallest defect (SI Appendix, Fig.  S4B , and Movies S8-S10). Several phenotypes arise when these RAM lines are placed on an agar surface and allowed to progress through their multicellular development (SI Appendix, Fig. S5 ).
Both ptenand RAM3 cell lines show no developmental processes, and at 24 h, no multicellular structures are evident. The sepAstrain demonstrates a similar developmental time course as wildtype cells, but many cells do not stream into mounds, and by 24 h, fruiting bodies have only begun to form. The remaining RAM strains show a clear delay in aggregating at 8 h and by 24 h are still in mounds or formed aberrant fruiting bodies.
Validation of Specific RAM Phenotypes. For several genes, it was immediately clear that the insertions caused the phenotype because multiple independent insertions in the same gene resulted in the same phenotype (SI Appendix, Table S1 ). For RAM5 a single insertion was found upstream of the sepA gene, which encodes a serine/threonine kinase. Several independent REMI mutations have been reported at the same site which produced phenotypes with defects in cytokinesis and actin cytoskeleton activity (28) . In addition, we created two deletion knockout mutants in which most of the sepA coding sequence was removed. The spread morphology and the decreased random migration track lengths of the sepAcells are like the original RAM5 mutants (Fig. 2 ). The relative increases in adhesion and decrease in migration speed compared with wild type were also like the original RAM5, indicating that the phenotypic defects of RAM5 were due to the loss of SEPA (Table  2) . For RAM3, we isolated eight independent insertions in an unannotated ORF. Further examination showed that the encoded protein contains eight transmembrane domains; it was predicted to be in the horizontally transferred transmembrane domain family (HTTM) by PFAM analysis, and we designated this gene htmA (SI Appendix, Table S1 ) (29) . The similar altered morphologies and behavior of different isolates of RAM3 are shown in Fig. 2 and quantitated in Table 2 . For RAM4, four insertions occurred in another unannotated ORF. Further examination of this amino acid sequence revealed Ankyrin repeats and homology to the human Ankyrin 1 gene, and we designated this gene Ankyrin Associated A (araA) (SI Appendix, Table S1 ) (29) . The similar morphologies and behavior of the different isolates of RAM4 are shown in Fig. 2 and quantitated in Table 2 . We validated RAM1, RAM8, RAM12, and RAM13 by rescuing their phenotypes by expression of the associated genes (Table 3 ). For RAM1 the insertion was in the ORF of the annotated gene Actobindin C (ABNC), a putative actin binding protein containing a WH2 domain. The insertion for RAM8 was localized in the ORF of the annotated Ring-Finger Zinc-Finger 113 (RNF113) gene, which has strong homology to a human gene with the same annotation (SI Appendix, Table S1 ). The insertion site for RAM12 was mapped in between two closely related genes which show homology to human extracellular matrix adhesion modifying tenascin proteins (SI Appendix, Table S1 ). We designated these two genes which are both predicted to be GPI-linked proteins, Tenascin-Like A and B (tnlA and tnlB) (30) . The insertion for RAM13 is upstream of a gene that codes for a protein which has strong homology to the human Dual Specificity Phosphatase 19, a member of the atypical DUSP family (31) (SI Appendix, Fig. S6 ). We designated this gene as Dual Specificity Phosphatase A (dspA).
For each of these RAM mutations the associated genes were cloned, tagged with Green Fluorescent Protein (GFP), and then expressed from an Actin 15 promoter in the original mutant strain. As shown in Fig. 3 A and B and Table 3 , expression of each gene in its respective mutant generally reversed the phase-dark phenotype and migration defects. For RAM1 and RAM8 the rescued cells were very like wild-type cells in morphology, adhesion, and motility. For RAM12 the expression of TNLA-GFP restored motility and morphology but only partially rescued the adhesion defect. To examine this result further, the non-fluorescent-tagged TnlA and TnlB proteins were expressed in RAM12 cells. Each of these genes restored the adhesion nearly to wild-type levels suggesting that the GFP tag had a deleterious effect on function and there is shared functionality Adhesion: n = 6 (wild type 16 ± 3%) (all SD). Random motility: n = 8; 2 cell lines each; 30-40 cells (wild type 4.7 ± 0.5 μm/min). ANOVA, post hoc Dunnet's: all P < 0.01 except + P > 0.01. between these genes (SI Appendix, Fig. S7A ). Expression of RAM13 rescued the adhesion and morphology defects, but the random migration phenotype was not completely mitigated. This does not appear to be a result of the overexpression of the GFP-tagged proteins, because the same construct in wild-type cells did not have a deleterious effect on migration speed (SI Appendix, Fig. S7B ).
Regulators of Adhesion and Motility Are Found in Several Different
Cellular Compartments. In addition to rescuing morphological and behavioral phenotypes, the functional rescues with GFP-tagged proteins allowed us to localize these proteins in living cells providing additional information on the function of these four RAM genes.
AbnC-GFP appears to be localized to the cytosol. It is colocalized with a cytosolic red fluorescent protein (mRFPmars) expressed under the same promoter ( Fig. 3C) (32) . Most of the RNF113-GFP signal colocalized with DAPI staining indicating nuclear localization, with a fraction having a granular cytosolic localization. This localization is consistent with the Zinc-Finger domain present in the RNF113 amino acid sequence (33) . TNLA-GFP is localized to the plasma membrane and cytosol with about 10% of the signal colocalized with a fluorescent plasma membrane dye (Fig. 3C) . A plasma membrane localization would be expected because the TNLA and TNLB proteins are predicted to have GPI linkage (30) . DSPA-GFP localized to and directly around the microtubule organizing center (MTOC) with weaker localization to the proximal regions of microtubules. A portion of the signal colocalized with α-tubulin-mCherry. The dynamics of these four GFP-tagged proteins during migration showed no specific changes associated with active protrusions or retractions.
Cell Shape and Direct Adhesion Measurements in RAM Cells. To directly measure cell-substrate adhesion, single-cell atomic force spectroscopy measurements were taken of cells as they were pulled off the surface. Unlike the shear force adhesion assay where percentage of cells remaining is measured, this method provides direct measurements of individual cell adhesion that is not directly dependent on cell shape. We determined the work of adhesion and the number of tether-like steps upon whole-cell deadhesion events and related the cell adhesion to contact area as displayed in reflection interference contrast imaging. In this assay the positive control ptencells have a clear increase in adhesion measured as work required to completely remove the cell from the substrate and show a significantly increased contact area ( Fig. 4 A and B) (SI Appendix, Fig.  S8A ). Furthermore, they displayed an elevated number of steps, reflecting an increase in specific substrate anchoring sites and the corresponding lipid cylinder protrusions formed upon deadhesion ( Fig. 4C) (34) . The newly generated knockout sepAalso shows an increase in work of adhesion and contact area. The sepAcells do not show a significant increase in the number of adhesion tethering sites.
These results suggest that most the newly isolated RAM strains might have directly increased cell-substrate adhesion, increased contact area, and/or increased substrate binding sites.
We created 3D reconstructions of cells stained with a fluorescent membrane dye to assess whether the phase-dark appearance and their increased contact area was leading to a flattened cell morphology. As shown by the 3D reconstructions in Fig. 4D , our imaging method could clearly demonstrate that ptenand sepAmutants were flatter than wild-type cells. To quantitate this, we used a flatness parameter (F) using the ratio of the square root of the basal surface area (a) to the cube root of the volume (v) (F = a 1/2 /v 1/3 ) (35) . F is independent of the object's volume and can be compared across different cell types. As shown in Fig. 5E the average values for F for wild-type and ptencells are 1.11 ± 0.13 and 1.46 ± 0.17, respectively, again demonstrating that ptencells are flatter than their wild-type parent control. The F values for the RAM mutants were all significantly greater than those of the parental wild-type cells. There were only slight differences in the volumes of the RAM cells, except RAM8 which is generally smaller, but the most RAM basal surface areas are greater which leads to their increase in F (SI Appendix, Fig. S8 B and C) . Taken together these suggest that adhesion and fluctuations in the cellsubstrate distance are a sensitive measure for overall morphology and motility (36) (37) (38) .
Cytoskeletal Network Activities Reveal How the RAM Genes Might
Regulate Cell-Substrate Adhesion and Motility. We next assessed whether the spreading and flattening, as well as the increase in tether-like rupture events of the RAM cells, were driven by increased F-actin protrusions along the periphery of the cells. Cells were transformed with LimE Δcoil -RFP, a biosensor for newly formed F-actin (39) . As shown in Fig. 5A , unlike wild-type cells which generally had a single front, most RAMs had actin-filled protrusions at multiple positions around the cell perimeter. Images of cells were quantified by dividing each cell into quadrants, scoring the number of quadrants occupied with LimE Δcoil -RFP positive protrusions, and determining the fraction of the population with one to four occupied quadrants. As anticipated, the distributions of wild-type and ptencells were strongly skewed in opposite directions with 45% or 4% of the wild-type cells having one or four quadrants occupied by LimE signal, respectively, and ptencells having 12% or 45%. Although there was a spectrum of the distributions for the RAM mutants, the quantitation clearly showed that compared with wild-type cells, RAMs mutants have more quadrants occupied by signal simultaneously (Fig. 5B) . To illustrate the dynamics of the protrusions in wild-type and mutant cells, we generated kymographs of the intensity of LimE Δcoil -RFP on the cell perimeter (Fig. 5C ). In wild-type cells, there are typically one to two patches of F-actin at a given time, which last for ≈2-3 min. In ptenand RAM8 cells, there are smaller shorter-lived protrusions that occupy multiple regions of the cell periphery. In the remaining RAM mutants, it appears that the LimE signal is present in several directions simultaneously with a more stable but weaker signal, sometimes lasting for 20 min. Both cytoskeletal activity patterns would lead to increased spreading. This nonpolarized F-actin production in the RAM cells also explains the decreased random migration velocities. Finally, the increased F-actin along the periphery of the cells and increased spreading likely underlies the increased cell-substrate adhesion and could facilitate tether formation in RAM mutants.
Phenotypes of the RAMs Mutants Are Strongly Correlated and Dependent
on Signal Transduction Network Activities. We reasoned that the observed F-actin enrichment might be driven by an increase in upstream signal transduction activity. The Dictyostelium PKB homologs PKBA and PKBR1 play a critical role in actin assembly and migration. We used antibodies against the phosphorylated consensus motifs of PKB to determine the baseline levels of PKB activity in RAM cells and their parental strains. We observed significant changes in baseline phosphorylation for several PKB substrates (SI Appendix, Fig. S9C ). In Fig. 6 C and D the average intensity of three bands, pp100kDa, pp85kDa, and pp19kDa, is shown. Substrate phosphorylation was 2.5-fold higher in ptencompared with the corresponding parental strain, likely due to increased PIP3 levels and PIP3-dependent activation of PKBA (40) . RAM1, 4, 8, 12, and 13 also showed elevated PKB substrate phosphorylation across the multiple substrates ( Fig. 6 C and D) . Notably, these observations correlate with the increased F-actin accumulation in these RAM cells shown in Fig. 5 .
Because the small G protein Rap1 has been demonstrated to provide a supportive role in Dictyostelium protrusion generation and substrate adhesion, we examined how the expression of the dominant negative Rap1S17N-myc would affect adhesion in the confirmed RAM strains (41) (42) (43) (44) (45) . In wild-type cells, Rap1S17N has been shown to increase myosin IIB at the cell cortex which leads to cell retraction and decreased adhesion (44) . As shown in Fig. 6A , expression of Rap1S17N in our wild-type strain did led to a more retracted shape with smaller protrusions. The two knockout lines sepAand ptenand most of the RAM strains also shift from their flattened phase dark appearance to a brighter, retracted appearance when expressing Rap1S17N, although most did not retract to the same degree as wild-type cells. However, RAM12 cells had almost no response to Rap1S17N expression maintaining most of its phase-dark appearance. These morphological changes correlate to a decrease in adhesion (Fig.  6B) . All of the cell lines examined expressed Rap1S17N-myc (SI Appendix, Fig. S9B ).
Discussion
The first 18 unique characterized insertional mutation strains isolated from these procedures fall into a spectrum of pheno- types between wild-type and ptencells of increased adhesion and decreased migration. All of the seven mutants that we chose to initially validate, because they were in the top half of the adhesion profile, showed that loss of the function of the genes associated with the REMI insertions underlie the reported phenotypes. These mutants are flatter, have increased polymerized actin along their peripheries, and are defective in chemotaxis. Many of them have increased signal transduction activity, and almost all adhesion and morphological phenotypes can be suppressed by the introduction of dominant negative Rap1. The spectrum of genetic ontologies and subcellular localizations discovered using this screen suggests that there are multiple points of regulation of adhesion and migration. Our method will likely uncover many other genes regulating cellular adhesion and migration, among the strains we have already isolated but not yet characterized, and in further screens. Because adhesion and migration appear to be coupled, it might be easier to identify and select for adhesion as opposed to looking for motility differences in a population. The increased adhesion of RAM cells could be due to a direct effect of specific adhesion molecules, increased surface area coupled with nonspecific adhesion, or both. We have found evidence for both mechanisms due to an increase in tether and contact area. Dictyostelium cells express several substrate adhesions regulating molecules including Phg1, SadA, and an ortholog of integrin β-subunits designated like integrin βA (SibA) (46) (47) (48) (49) . Dictyostelium cells are not known to form stable focal adhesions although they express homologs of talin, vinculin, and paxillin which localize to the basal surface in puncta with F-actin (1, (50) (51) (52) . Because Dictyostelium cells need to migrate over a variety of surfaces in their natural environments, their substrate adhesion is thought to be largely nonspecific (53) (54) (55) . For the seven validated mutants reported there was a strong correlation between flatness and adhesion. A nonspecific adhesion mechanism would therefore be sufficient for this effect (56) . However, preliminary evidence from other RAM mu-tants (RAM6 and RAM14) indicates that some associated genes may regulate adhesion without changes in cell shape.
Regulators of Adhesion and Motility Reveal Multiple Points of
Regulation. One of the genes is an Actobindin family member (ABNC); this family has been reported to be G-actin sequestering proteins that negatively regulate actin polymerization and stabilize actin filaments (57) (58) (59) (60) . However, at certain concentrations it may also assist polymerization (61) . Outside of mammals which use Thymosin β4, it appears that most eukaryotic cells use other members of the Actobindin family to regulate actin filament stability and polymerization. The amino acid sequences of the three Abn proteins (A, B, and C) in Dictyostelium differ, but because they all contain the conserved Actobindin family WH2 domain they are predicted to sequester G-actin (SI Appendix, Fig. S10 ). When at least one of these genes is disrupted, it leads to increased F-actin production and cell spreading which seems consistent with the expected role. This effect would constitute a direct effect on the cytoskeleton, and the fact that AKT substrate phosphorylation is elevated in this mutant suggests a feedback mechanism between the cytoskeleton and the signal transduction networks.
The sepA gene is a kinase that is has been reported to be part of the STE20 family, closely related to the Cdc7 in Saccharomyces pombe (62) . This gene has been shown to be critical in the actin regulation during septation (63) . This protein has similarity to other MAP4K family members in the human genome such as MSTs and PAKs. The closest relative of SepA in the human genome is MAP3K19 which has highest expression in the lungs and trachea (64) (SI Appendix, Fig. S11 ). The Dictyostelium SepA gene has previously been reported to have an effect on cytokinesis in Dictyostelium with some evidence to increased actin patches along the periphery (28) .
The Dictyostelium Rnf113 protein localizes to the nucleus and has a Zinc-Finger domain and RING-Finger domain which are each greater than 81% and 53% identical, respectively, to human RNF113b. The RING-Finger domain in RNF113a has been shown to be mutated in a subset of the human disease trichothiodystrophy nonphotosensitive, up-regulated in Myelodysplastic syndrome, and phosphorylated in prostate cancer (65) (66) (67) . Currently, the function of this protein remains mostly elusive with some evidence suggesting regulation of DNA repair and splicing mechanisms (68, 69) . Work in Caenorhabditis elegans, Drosophila melanogaster (midlife crisis), and Danio rerio has also provided evidence for developmental defects (70) (71) (72) (73) . The RING-Finger domain of this protein falls into the same family as the one contained in BRCA1, and there is evidence that BRCA1 regulates motility at the leading edge beyond its role of DNA repair in the nucleus (74) .
TnlA and TnlB are predicted to be GPI-linked peripheral membrane proteins, and consistently, we localized them to the plasma membrane. These two proteins share homology to the highly glycosylated tenascins in humans. Remarkably, their disruption creates a strong phenotype even though each is only a single member of a family of over 100 related genes in Dictyostelium (Linnaeus BLAST: 8e-7) (75) . Tenascins are reported to negatively regulate cell interactions with the extracellular matrix, and overexpression has been shown to increase metastasis from primary tumors (76) . Based on these findings we hypothesize that TnlA and TnlB may act at the interface of the cell and the substratum to directly affect cell adhesion and migration. Consistently, this increased adhesion was not suppressed by inhibition of signal transduction activity by expression of dominant negative Rap1.
Dictyostelium only possess a single atypical DUSP compared with the 22 genes present in humans. Moreover, the DSPA amino acid sequence is most closely related to the more ancestral human atypical DUSPs (SI Appendix, Fig. S6 ). This subfamily of Fig. 7 . Cell-substrate adhesion and migration have multiple regulatory points. PTEN and the seven confirmed RAM genes are illustrated in their theoretical position in controlling adhesion and migration. PTEN is known to function in controlling the signaling cascades depicted by the black arrows. The red lines in the middle represent the plasma membrane and the position in which TNLA/B, HTMA, and ARAA are predicted to function. Both SepA and DSPA are localized to the centrosome. RNF113 has been shown to have at least localization to the nucleus (and the cytosol). AbnC is localized in the cytosol but is predicted to regulate the actin cytoskeleton depicted by the blue boxes.
the tyrosine phosphatase family has been reported to negatively regulate MAPK and AKT pathway and is closely related to inositol phosphatases such as PTEN (31) . Moreover, the aDUSPs have been shown to play a role in regulating adhesion through the JNK pathway (77) . Like DSPA, the closely related human DUSP23 is also localized to the centrosome further suggesting conserved functions (78) . Moreover, the DSPA related human DUSP22 has been shown to play a role in epithelial migration by scratch wound assay (12) . Because this is the only member of the aDUSP family in Dictyostelium, its study will provide important insights into the poorly understood functions that these proteins play in cell migration.
RAMs Negative Regulators of Cell Activity and Tumor Suppressors.
The large spectrum of RAM genes indicates that cell-substrate adhesion and migration can be regulated at many different levels by many different cellular pathways and networks. As depicted in Fig. 7 we speculate that PTEN interacts with the signal transduction network, TNLA/B regulate cell-substrate interactions at the cell surface, SepA and DSPA regulate phosphorylation at the microtubule network, RNF113 functions inside the nucleus, and the AbnC acts in the cytosol to regulate actin polymerization. The localization of the remaining two genes remains to be assigned, but HTMA is most likely an integral membrane protein, whereas ARAA is possibly a cytosolic or peripheral membrane protein.
It is remarkable that most of these proteins feed into the signal transduction and cytoskeletal networks known to be involved in chemotaxis. Specifically, we found that there is an increased level of activity of AKT homolog PKBA in most of these mutant strains. It will be interesting to learn how, for example, proteins localized to the cytosol, plasma membrane, MTOC, or the nucleus can all negatively regulate PI3K pathways. Two of the RAM proteins localizing to the MTOC (SepA and DSPA) provide further support for the importance of microtubules in regulating cell polarity, migration, and adhesion (28, (79) (80) (81) . Moreover, almost all of the phenotypes can be suppressed by overexpression of dominant negative Rap1 which is thought to be a regulator in multiple pathways involved in chemotaxis. In Dictyostelium, Rap1 has been reported to either activate Ras or negatively regulate myosin leading to increased PKB signaling and decreased contraction (41, 42, 44) . These mutants show increased patches of actin polymerization suggesting that directly or indirectly, the functions of the RAM proteins feed into negatively regulating cytoskeletal activity. The net result of these effects is to create a spread cell with increased cytoskeletal and signal transduction activity, leading to increased adhesion and decreased random and directed migration.
Although most of the mutants show defects in their chemotactic velocity, this is most likely due to decreased migratory abilities and not altered directional sensing. Although the directional signal probably lies upstream with the receptor and coupled G proteins, the downstream signal transduction networks are essential in connecting the directional signal to movement. If the basal activity of the downstream pathways is increased by the loss of negative regulation, as in the RAM mutants, then the directional signal relative to the noise is lower, and the ability to specifically direct cytoskeletal based protrusions is diminished. Therefore, genetic screens that isolate genes important for regulating cell-substrate adhesion and random migration will also discover genes important for the overall process of chemotaxis.
Previous research has shown many regulators of chemotaxis pathways in Dictyostelium have direct homologs to human oncogenes and tumor suppressors (9, 14) . Because we used the tumor suppressor PTEN as a positive control, this screen has the potential to identify genes whose human homologs play a role in oncogenesis. In fact, the isolation of Dictyostelium Abns, SepA, TNLA/B, and DSPA has already suggested that this may be the case. Thymosin β4, a human member of the Actobindin family, has been reported to play the role of both an oncogene and tumor suppressor under different contexts (82, 83) . SepA shares homology with human MSTs and PAKs, known tumor supressors that are currently being investigated as therapeutic targets (84, 85) . Human Tenascin-C is reported to play a role in the progression and metastasis of breast cancer and as a potential target (86, 87) . The human DUSP proteins have been reported to play numerous roles in oncogenesis and cancer progression, are useful diagnostic markers, and are promising drug targets (88) (89) (90) .
Materials and Methods
For all experiments, Dictyostelium discoideum AX2 strains were cultured in HL5 medium on tissue culture treated plastic 100-mm (Greiner Cellstar) or 150-mm plates (Falcon) for 48 h to 80-90% confluency at 22°C (91) . Fluorescent imaging and chemotaxis assays were performed in developmental buffer (DB) (phosphate buffer supplemented with 2 mM MgSO 4 and 0.2 mM CaCl 2 ). Complete materials and methods can be found in SI Appendix, Materials and Methods.
